Abstract. Atmospheric pressure gradients and pressure fluctuations drive within-snow air movement that enhances gas mobility through interstitial pore space. The magnitude of this enhancement in relation to snow microstructure properties cannot be well predicted with current methods or validated relationships. In a set of field experiments we injected a dilute mixture of 1% carbon monoxide and nitrogen gas of known volume into the topmost layer of a snowpack and, using a 10 distributed array of thin film sensors, measured plume evolution as a function of wind forcing. We found enhanced dispersion in the streamwise direction and also along low resistance pathways in the presence of wind. These results suggest that atmospheric constituents contained in snow can be anisotropically mixed depending on the wind environment and snow structure, having implications for surface snow reaction rates and interpretation of firn and ice cores.
and Sato (2000) and from CO 2 flux measurements (Bowling and Massman, 2011) but few measurements of natural air advection in snow have been obtained (Albert and Shultz, 2002; Huwald et al., 2012) . Dispersion enhancement due to advection through interstitial pore space influences the distribution of reactive interstitial gases yet this process remains poorly understood.
Step changes in permeability between successive snow layers further complicate the relationship between wind forcing and the in-snow advective response (Albert, 1996) . To minimize the complicating influence of snow layering, 5
we confined this exploration to the topmost snow layer that had been deposited by a significant snowfall event. Therefore, the purpose of this investigation is to better understand the effect that wind blowing over snow has on air movement within the topmost layer of a snowpack.
Methods
Our strategy is to compare model simulations that implement a solution of the advection/diffusion equation for homogenous, 10 permeable media with experimental measurements of dispersion of a tracer gas in snow. As our measurements will show, a distinct snow layer is not homogenous and this method will highlight macroscopic channels of inhomogeneity. For the field experiments, we released a known volume of carbon monoxide (CO) at a known location in a surface snow layer and measured plume evolution with in situ sensors mounted on pickets. Consistent with Huwald et al. (2012) , we chose CO as a tracer gas because its molecular weight is very close to that of air so it is nearly neutrally buoyant. Additionally, CO can be 15 safely handled, has low background concentration and low water solubility. This latter consideration is important because snow grains may be coated with a thin film of liquid water, even at sub-freezing temperatures. Neutral buoyancy ensures that gravitational effects do not influence plume evolution, although neutral buoyancy is not strictly achieved for this experiment.
A mixture of 1% CO in 99% N 2 provided sufficient concentration for sensor detection. Still, at this low concentration CO can cause unhealthy side effects in large volumes, necessitating small volume releases. Though not available in our tests, we 20 would recommend others employing this method to blend the CO with standard air rather than N 2 , which would then be essentially neutrally buoyant.
The measurement network was composed of 28 thin-film Applied Sensor MLC carbon monoxide sensors with detection range spanning four orders of magnitude (from 0.5 to 500 ppmv). To measure CO gas at well-known positions in the snow, seven CO sensors were mounted in 15-cm intervals on each of four tapered poles (or snow pickets, Fig 1) . The pickets were 25 inserted horizontally into the snow forming a rectangular sensor grid. Silicone tubing strung down the center of each picket to an outlet opposite the CO sensors provided a means to deliver the CO gas to a well-known position in the snow. This same system was also used in Huwald et al. (2012) , and we refer readers to that document for a thorough explanation of materials, manufacturing and wiring requirements.
Data from the 28 CO sensors were acquired on two synchronized Campbell Scientific CR1000 loggers at 1-minute intervals. 30
Release volume was measured with an Aalborg GFM17 Mass Flowmeter (range 0-15 SLPM) for cases 1 through 11 and with a Precision Sample Magnum Series 500 ml gas tight syringe for cases 12 through 14. CO gas was delivered fast enough The Cryosphere Discuss., doi:10.5194/tc-2017 Discuss., doi:10.5194/tc- -9, 2017 Manuscript under review for journal The Cryosphere Discussion started: 14 March 2017 c Author(s) 2017. CC-BY 3.0 License.
relative to the 1-minute measurement interval to approximate an instantaneous release. During each deployment four snow pickets were inserted horizontally such that we could capture horizontal variability of dispersion characteristics in snow. A Campbell Scientific Irgason ultrasonic anemometer captured 3-D wind components at 20 Hz approximately 1 m above the snow. Minutely wind speed and direction averages were computed by post-processing the high-frequency data. The experiment configuration is presented as a schematic diagram in Fig. 2 . 5
Site description
The system represented in Fig. 2 Santiam Pass and Dutchman Flat sites were nearly flat, while the SPL deployment site was located on a slope that gradually 10 sloped downhill to the west. Each deployment had a sonic anemometer mounted at ~ 1-m on a low-profile tower with the sonic transducer facing into the prevailing wind. The windward side of the tower was kept free of disturbance. At each site we carefully dug a low-profile snowpit, exposing a clean face into which we inserted the sensor-mounted pickets. Once the pickets were placed, we backfilled the snowpit with fresh snow and smoothed the surface to match the surrounding, undisturbed snow level. Lab-based sensitivity tests in a calibration chamber revealed that AS-MLC CO sensors are both 15 temperature and humidity sensitive so we allowed approximately 30 min for sensor equilibration prior to a gas release. In Huwald et al. (2012) sensor pickets were placed vertically and the authors noted leakage around the picket perimeter that manifested as enhanced dispersion along the picket axis for low snow density releases. Even with horizontal (and buried) picket placements we observed indication of leakage for a few cases but most cases were performed in relatively highdensity, spongy snow that seated snugly against the pickets, minimizing leakage. 20
Deployment description
Data were selected from a larger data set composed of 24 releases in 10 different snow conditions over two field seasons.
Quality control criteria excluding some data were weather-related instrument issues such as sonic anemometer transmission losses due to snow/rain/riming, excessive gas leakage around the release picket, gas leakage at a tube fitting, and excessive icing/wetting/temperature changes of CO sensors. The dual requirements that the CO sensors needed to be ice-free with 25 minimal temperature variations for optimal operation restricted deployment time spans to no more than several hours.
Between deployments the sensors were air-dried in a lab environment to return them to an optimal operational state.
Immediately prior to each deployment, we determined the prevailing wind direction so that the pickets could be inserted approximately perpendicular to the wind direction. This orientation maximized the sensor network's ability to resolve a plume propagating downwind and was achieved for all cases except cases 13 and 14, which experienced a wind shift during 30 instrument setup. With the exception of case 12 the surface snow layer was deposited by a single storm event and was The Cryosphere Discuss., doi:10.5194/tc-2017 Discuss., doi:10.5194/tc- -9, 2017 Manuscript under review for journal The Cryosphere Discussion started: 14 March 2017 c Author(s) 2017. CC-BY 3.0 License. sufficiently deep to position the sensor pickets in a homogenous snow layer. Cases 7 through 11 were acquired in a snow layer that had undergone equilibrium snow metamorphism forming spheroidal snow grains.
Calibration
We built a calibration chamber into which we could simultaneously place all 4 pickets and verify the operational capabilities of the Applied Sensor MLC CO sensors that we used for this experiment. We found through trial and error that the CO 5 sensors are sensitive to both humidity and temperature. Furthermore, we found that sensor sensitivity decreases when exposed to the same CO concentration over a long period (> 10 minutes). To overcome these deficiencies we transported the calibration chamber to the Santiam Pass and Storm Peak Lab field sites for two snow regimes (cold snow and warm snow) and calibrated the picket-mounted CO sensors onsite. The procedure was to shovel some snow into the chamber then insert the pickets into support collars that suspended the pickets in the chamber above the snow. The chamber was sealed and a 10 measured volume of CO introduced. A fan inside the calibration chamber facilitated thoroughly mixing the air.
Measurements were acquired at 1-minute intervals with two CR1000 Campbell Scientific loggers until sensor response was documented. The chamber was then opened on both ends and allowed ~ 30 minutes for the chamber to fully evacuate. This procedure was repeated for the next measurement. This calibration procedure was time consuming and therefore we were not able to perform it in concert with field deployments. Cases 1-11 were calibrated using a warm snow calibration and 15 cases 12-14 were calibrated with a cold snow calibration. Although the maximum recommended operating concentration is 500 ppmv, tests revealed a linear response that consistently exceeded 1000 ppmv. Measured gas concentration at the sensor nearest the release point typically exceeded 1000 ppmv but this sensor was not used for analysis and therefore did not influence experimental results. Further calibration details can be found in Huwald et al. (2012) .
Data analysis 20
The results presented in this paper are based on 14 CO releases selected from five snow conditions detailed in Tables 1 and   2 . With the exception of case 12, pickets were placed in a layer of snow generated by a single snow event such that we could minimize the effect of snow layering on dispersion. This requirement restricted the depth within which we placed the snow pickets. For case 12, the pickets were placed below an ice layer that was overlain by surface snow generated by a single storm event. 25 We used two methods to analyze the results. For the first method, we applied calibration coefficients from either warm or cold snow calibrations to voltage measurements and derived CO concentration for each sensor at each time step. From these data we calculated the position of the centroid of mass in order to determine plume propagation speed. In the second method, we calculated the time required to reach maximum concentration at each sensor as a measure of plume propagation.
Deviations from the modeled concentration give a measure of the influences of advection and snow heterogeneity. 
(
If we assume horizontal snow homogeneity (constant !,! ) then we can differentiate Eq. (1) with respect to time and set this result equal to zero to find the streamwise advection velocity:
For zero wind velocity: 5
Equation (3) permits calculation of the horizontal diffusion coefficient as a function of the time required between the initial release and the maximum measured concentration at each sensor location, assuming zero air velocity in snow. Non-zero interstitial air velocity and snow heterogeneity manifest as spatial variations in diffusion coefficient. We calculated the diffusion coefficient for each sensor and subtracted these values from those given by Eq. (3) to derive a residual that is an 10 approximation of wind-driven dispersion enhancement. This technique has the advantage that absolute concentration is irrelevant so the result is insensitive to sensor calibration error.
Caveat
We will not attempt to compare the vertical diffusion coefficient with the horizontal diffusion coefficient, as that comparison would require a 3-dimensional measurement network. Riche and Schneebeli (2012) found that snow anisotropy causes 15 differences in horizontal and vertical thermal conductivities, which suggests differences between horizontal and diffusion coefficients for CO in snow. We postulate that vertical diffusion enhancement increases as wind ventilation increases (Albert and Shultz, 2002) . For this reason, we expect that our computations of horizontal diffusion will be systematically low, the degree to which depends on the difference between the horizontal and vertical diffusion coefficient and the relative wind enhancement of horizontal and vertical diffusion coefficients. 20
Results

Model simulations
Results from an advection/diffusion model assuming isotropic media with a diffusion constant of 2.56 x 10 -5 m 2 s -1 consistent with snow (from Huwald et al., 2012) are shown in Fig. 3a . An instantaneous release at the origin spreads in time and the red dots mark the locations of point measurements at 15 cm, 30 cm and 45 cm from the release point. Half-hour time series of 25 the simulated concentrations at these three locations are shown in Fig. 3b . The timeseries in Fig. 3b delineate "breakthrough curves" that have a distinctive shape with a rapidly rising concentration to a peak followed by gradual decay. In a purely
The Cryosphere Discuss., doi:10.5194/tc-2017 Discuss., doi:10.5194/tc- -9, 2017 Manuscript under review for journal The Cryosphere Discussion started: 14 March 2017 c Author(s) 2017. CC-BY 3.0 License. diffusive environment the breakthrough curve of each successively distant point from the release location is contained within curves defined by closer points as in Fig. 3b . Isotropic molecular diffusion spreads a plume in all directions but the centroid of mass remains stationary over time. On the other hand, advection translates the centroid. In Figs. 3c and 3d we have imposed an advective flow of 0.5 mm s -1 oriented along the positive x-axis. For the corresponding set of breakthrough curves in Fig. 3d , the traces cross at some point in time if advection is sufficiently fast relative to diffusion. By comparing 5 breakthrough curves derived from field experiments with simulations we can determine the relative influences of dispersive processes. In this idealized description we do not account for snow heterogeneity, which enhances diffusion in regions of higher porosity, potentially leading to centroid displacement.
Breakthrough curves
In Fig. 4 we plotted the results of CO release R2 on March 26, 2015 (case 14 in Table 1 ) in the presence of moderate wind 10 and mid-to-low density snow. The breakthrough curves are smooth and indicative of diffusion-dominated dispersion yet a subtle advection signature of breakthrough curves crossing each other is evident in winds were light and variable. The time required to reach the maximum concentration for each sensor as described in Eq. (1) is plotted in Figs. 5b and 5d. For case 8 (Fig. 5b ) the plume orients streamwise to the wind with increased streamwise dispersion relative to cross-stream. The plume shape in low wind case 11 (Fig. 5d) is more circular as would be expected for diffusion-dominated dispersion. We attribute deviations from radial symmetry for low-wind case 11 to snow inhomogeneities. This case comparison shows that an advective signature is evident in at 9 cm depth in dense (430 kg m -3 ) 25 snow.
The subtle, streamwise plume alignment evident in Fig. 5a -b is more easily discriminated with larger CO releases, an example of which is plotted in Fig. 5e-f . This release was too large to approximate a point release but it unambiguously shows that the plume aligns in a streamwise orientation. Preferential streamwise dispersion was duplicated for subsequent large releases with persistent prevailing winds (cases 8 and 9, not shown). In-snow, streamwise plume alignment under a 30 persistent wind regime is an unsurprising result that nevertheless bears reporting because previous studies have lacked a sufficiently dense sensor network to resolve it.
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Plume propagation given by centroid of mass
We calculated the displacement of the centroid of mass at each time step as an indicator of advection. The centroid of mass is a more stable measure of plume propagation than the maximum concentration location because the latter may vacillate at each time step when two measurements are nearly the same. In Fig. 6a we plotted the position of plume centroid relative to release position for case 13, color coded by minute since release. The black asterisk marks the release point. Circles delineate 5 centroid position at each minute and the circle diameter is a relative measure of the plume standard deviation. Triangles in Fig. 6a indicate anticipated minutely translation given by wind direction at 1/1000 of the wind speed. This multiplicative factor (1/1000) reduces wind speed to on the order of mm s -1 , the approximate order of magnitude for air advection in snow (Huwald et al., 2012) . We do not account for the mass that advects out of the measurement network because we lack 3-dimensional measurements needed to simultaneously constrain mass loss in the vertical and horizontal directions. Instead, 10 we assume that the centroid position in the horizontal plane is accurate over a short timespan between the initial release and the time at which mass starts to advect out of the perimeter of the measurement network.
For the initial several minutes after the release, the calculated centroid position was indeterminate because the sensor at the release position had saturated, returning NaN values. After several minutes more sensors detected the plume so the centroid position stabilized as it propagated downwind. While propagating downwind some of the plume mass concurrently 15 propagated vertically, out of the sensor network plane. We anticipate that horizontal diffusion was slowed to the degree that the vertical diffusion coefficient exceeded the horizontal diffusion coefficient and the center of mass of the buoyant plume lifted. Numerical simulations similar to those shown in Fig. 3 but using a vertical diffusion coefficient that decreases with snow depth (not shown) are consistent with this hypothesis. After approximately 13 minutes, the calculated centroid position was driven by the CO mass still in the horizontal plane and within the sensor network and the centroid of mass appeared to 20 stall because the smaller horizontal footprint of the upward moving plume. For the time span between 3 min and 13 min, the center of mass advected 6 cm giving an average velocity of 1.0 × 10 -4 m s -1 , consistent with 1.2 × 10 -4 m s -1 reported by Huwald et al. (2012) for higher permeability (lower density) snow.
To further assess the influence of wind on plume propagation we calculated the angle between the propagation of the center of mass and that given by wind direction, again assuming the wind-driven advection speed was ~1/1000 of the wind speed. 25
Results for 4 representative cases are shown in Fig. 6b . In low-density snow and moderate wind speeds (case 13), wind direction was a good predictor for plume propagation direction, even at approximately 20 cm depth. In denser snow and moderate wind speeds (case 8) wind direction remained a good predictor for plume propagation direction with the exceptions that several minutes were required for the plume centroid position to stabilize (as noted in Fig 6a) and after ~ 13 minutes at which time snow heterogeneity and vertical dispersion conspired to degrade the correlation between wind direction and 30 center of mass propagation direction. For case 11, in which snow density was high and winds were light and variable, the angle between wind direction and plume propagation as indicated by the center of mass was larger and highly variable. For case 12, in which low-density snow overlaid an ice layer, the plume diverged into several preferred pathways (see Section
The Cryosphere Discuss., doi:10.5194/tc-2017-9, 2017 Manuscript under review for journal The Cryosphere Discussion started: 14 March 2017 c Author(s) 2017. CC-BY 3.0 License. 4.5) but the centroid of mass generally advected downwind. These results show that centroid of mass propagates downwind more reliably in lower density snow than in dense snow but centroid of mass propagation direction is not necessarily a reliable indicator of the evolution of the plume footprint.
Snow layering
With the exception of case 12, we deployed our equipment in the topmost layer of a significant snowfall event to minimize 5 the influences of snow layering on plume evolution. We include case 12 because an 18 cm new snowfall event overlaid a thick (~5-10 mm) and pervasive layer of refrozen ice, providing an unusual opportunity to study the dispersion signature below a buried, ~ impervious layer where one might expect no advection. The CO sensor-mounted snow pickets were placed at roughly 18 cm depth, just below the ice layer. Surface snow was unevenly distributed over the ice layer so picket depths varied by up to 5 cm but all pickets were positioned at the same depth below the ice layer. Winds were persistently strong 10 from the west (blowing left to right in Fig. 7 ) during this release. Plume evolution for this case indicates that dispersion had not only molecular diffusion and directional wind signatures but was also strongly characterized by preferential flow regions.
We hypothesize that the tracer gas was preferentially following incipient cracks and more porous pathways in the snow layer. This hypothesis is supported by Nachshon et al. (2012) who found that fractures in soil increase permeability by several orders of magnitude and serve as preferred flow pathways in the presence of a mean background flow. From this 15 result we conclude that pressure changes above the snow incite air movement through incipient cracks and porous zones below low permeability ice layers but with less directional influence than that seen for a surface snow layer.
Plume propagation given by time to maximum concentration
Given the previously mentioned deficiencies with computing dispersion enhancement from centroid of mass velocity, we alternatively investigate dispersion enhancement by comparing measurements with the result given by Eq. (1) using a 20 molecular diffusivity of CO in snow, !" , of 2.56 x 10 -5 m 2 s -1 (from Huwald et al., 2012) . We note that diffusivity of a gas in snow varies with temperature, pressure and snow state. However, these parameters do not vary significantly for different cases obtained during a given experiment deployment. We use the measured diffusivity, ( !"# ), and !" to estimate the Péclet number:
. (2) 25 In Equation (2), we note that measured ( !"# ) includes influences of both molecular diffusion and advection so one must subtract the diffusive component from the measured ( !"# ) to derive the advective component. Since the plume is preferentially spreading vertically, mass is lost from the horizontally oriented measurement network, systematically increasing !"# values and thereby decreasing measured effective diffusivity to values smaller than molecular diffusivity. To
compensate for the systematic depression of measured effective diffusivity, we find the difference between the smallest measured effective diffusivity and the molecular diffusivity and normalize measured effective diffusivity by this difference:
Our rationale for applying this normalization is that the diffusivity of a gas in snow can be no less than the molecular diffusivity. This normalized Péclet number no longer represents the absolute ratio of advective to diffusive transport. But it 5 does preserve a relative measure of advection vs. diffusion and guarantees that the normalized Péclet number is no less than zero. For example, comparing moderate-wind case 8 in Fig. 8a (see also Figs. 5a-b) with low wind case 11 in Fig 8b (see   also Figs. 5c-d) we note advective signatures streamwise and also along one of the sensor pickets, indicating that leakage along a picket that is exacerbated by a wind-induced pressure gradient. The bullseye at the sensor just below the release point in Fig. 8b is due the large release volume rather than advection. The !"#$ gradient is weak in Fig. 8b relative to Fig.  10 8a as one would expect for a diffusion-dominated regime. Discrepancies from radial symmetry evident in Fig. 8b indicate preferential dispersion pathways along inhomogeneities in the snow layer. Ignoring differences in sensor depth, snow microphysics, and high volume release cases (cases 4, 5, 6 and 10) the R 2 correlation was 0.61 between average wind speed and the maximum !"#$ for the remaining cases. This result suggests that in-snow advection increases with wind speed and that snow state and depth in snow tempers the magnitude of in-snow advection. A three-dimensional measurement 15 design would improve the quality of the Péclet number values and, accompanied by high-resolution snow characterization, enable absolute comparison of the advective vs. diffusive transport in both vertical and horizontal planes.
Conclusions
Atmospheric pressure gradients can induce subsurface advection that enhances plume dispersion, even in dense snow. Over smooth, flat reaches with a prevailing wind, a subsurface plume aligns in a streamwise orientation. Snow inhomogeneities 20 can enhance anisotropic dispersion as wind speed increases, invalidating the notion of a mono-valued diffusion coefficient over small (1 m 2 ) areas. The size of a surface snow sample needed to diagnose its dispersive properties therefore varies with wind forcing and snow state. Mobile trace species near the snow surface are subject to several competing physical dispersion processes including diffusion, topographically induced circulations and advection. Each of these processes distributes mobile gas species in different ways so the fate of these trace species depends on the relative contribution of each of these processes. 25
High resolution 3-dimensional measurements using an apparatus that minimally influences snow state are needed to account for vertical plume propagation and thereby discriminate the relative contributions of the processes that enhance dispersion in snow.
Broader implications of these findings are that dispersion in snow depends not only upon grain-scale properties but also macroscopic snow inhomogeneities. A measurement footprint must be large enough to capture the effect of patches of higher 30 permeability snow because variability of gas dispersion in snow correspondingly increases the variation of the distribution of The Cryosphere Discuss., doi:10.5194/tc-2017 Discuss., doi:10.5194/tc- -9, 2017 Manuscript under review for journal The Cryosphere Discussion started: 14 March 2017 c Author(s) 2017. CC-BY 3.0 License. interstitial gases and their reaction rates. A long timescale implication of these results is that uncertainty in trace gas distribution for replicate firn/ice cores is broadened to the degree that horizontal heterogeneity is preserved or augmented as snow accumulates and compacts. 
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